This paper is devoted to the investigation of the adaptive zero reaction motion control for free-floating space manipulators in the presence of both the dynamic and kinematic uncertainties. The nonlinearly parametric problem of the generalized Jacobian matrix is solved by the exploitation of the angular momentum conservation law. By virtue of Lyapunov stability analysis tools, we propose an extended Jacobian based adaptive zero reaction controller for free-floating space manipulators, taking into account both the kinematic and dynamic uncertainties, and show that both the spacecraft attitude regulation and end-effector trajectory tracking can be achieved without using the end-effector velocity. The performance of the proposed controller is illustrated via numerical simulation on a three-DOF planar space manipulator.
Introduction
The importance of space robots is self-evident since they are expected to execute on-orbit servicing (OOS) previously fulfilled by astronauts [1] , such as transferring payloads from one place to another, executing repairing, maintenance and construction of spacecraft or space station, and capturing tumbling satellite, and so on. Therefore, space agencies are currently focusing on this field, and some OOS demonstration missions have been done, e.g., the Japanese Engineering Test Satellite VII (ETS-VII) [2] , and Orbital Express [3] . However, it is inevitable to confront large parametric uncertainties and variations when the space manipulator is performing these tasks (e.g., capturing unknown targets) [28] . Under this circumstance, the tracking accuracy may be lowered, and even the system stability can not be ensured using model based controllers [4] . Thus, it is expected to design robot controllers which can accommodate both the dynamic and kinematic uncertainties. Adaptive control, due to its adaptation property, is eligible to solve this problem (see, e.g., [28] ).
Among the control modes of space manipulators, freefloating space manipulators (FFSMs) with the attitude and orbit control systems closed have their potential advantages, e.g., non-renewable fuel on the spacecraft can be saved and the safety of the close-range manipulation can be ensured [5] . This motivates researchers to actively engage in the study of FFSMs, e.g., [6-11, 13, 14] . These results can be classified into two categories based on their respective control objectives. In the first category (e.g., [6] [7] [8] [9] ), the major control objective is the trajectory tracking of the endeffector, and the spacecraft attitude is not taken into consideration, which means that the spacecraft may deviate from its desired attitude during the control. In the second category (e.g., [10, [12] [13] [14] ), both the trajectory tracking of the end-effector and the spacecraft attitude regulation are ex-plicitly considered in the control objective. In particular, Nenchev et al. [10] proposed the reaction null space (RN-S) control to handle the dynamic interaction of FFSMs to achieve coordinated motion control between the spacecraft and the manipulator, and later the combined inertia and Jacobian matrix was introduced to guarantee zero reaction to the spacecraft and the spacecraft-referenced end-trajectory tracking [14] . The attitude maintaining property enjoyed by the control schemes in the second category is attractive since in practice the spacecraft attitude maintenance is a major concern since the communication with the Earth can be carried out only when the spacecraft antenna points to the Earth (ensured by the attitude maintenance control) [11] .
However, the results in the second category mentioned above require the exact knowledge of dynamics and kinematics of the space manipulator. In the presence of parameter uncertainties, some efforts have been made to resolve this problem, e.g., dynamic uncertainty is considered to realize zero reaction to the spacecraft attitude [15] , yet the base of the theoretical development is not mathematically solid. In our previous work [16] , we skillfully obtain a linearly parameterized expression suitable for applying the adaptive control, based on which, an adaptive version of the RNS-based controller is developed at velocity level, taking into account both the kinematic and dynamic uncertainties. The handling of the kinematic uncertainties is inspired by the work of Cheah et al. [17, 18] . The adaptive kinematic controller is able to achieve both the spacecraft attitude regulation and trajectory tracking of the end-effector. In this study, we propose a new adaptive zero reaction control scheme based on the combined inertia and Jacobian matrix in [14] (referred to as extended Jacobian in the sequel for conciseness), extending the result in [14] to the unknown parameter case. This algorithm can achieve the same objective as that in [16] , yet, under a relatively mild condition (i.e., the measurement of the velocity of the end-effector is not required) Proceedings of the 33rd Chinese Control Conference July 28-30, 2014, Nanjing, China benefiting from explicit Lyapunov analysis.
Preliminaries

The Angular Momentum Conservation Equation for FFSM
In the case of zero initial angular momentum, the angular momentum conservation equation for FFSM is given by [19] 
where ω b ∈ R 3 is the angular velocity of the spacecraft with respect to the inertial frame expressed in the spacecraft frame,φ ∈ R n is the joint space velocity of the manipulator, φ = φ 1 , . . . , φ n T is the vector of the manipulator joint angle, H b ∈ R 3×3 is the inertia matrix of the spacecraft, H bm ∈ R 3×n is the coupled inertia matrix of the spacecraft and the manipulator. The momentum conservation equation (1) gives the relationship between the motion of the spacecraft and the motion of the manipulator, and it reflects almost all aspects of the system dynamics [20] . Equation (1) depends linearly on a set of dynamic parameters a d = a d1 , a d2 , . . . , a dp T [21] 
Kinematics of FFSMs
Denote by m the dimension of the task space. The FFSM end-effector velocityẋ ∈ R m in the inertial frame can be expressed as [22] 
are the Jacobian matrices, and b ∈ R 4 are quaternions used to represent the spacecraft attitude [23] . The kinematics (3) can be linearly parameterized with respect to a set of kinematic parameters a k = a k1 , a k2 , . . . , a kj T [24, 25] 
Combining (1) and (4) to eliminate the angular velocity of the spacecraft ω b , we have [22] 
H bm is the generalized Jacobian matrix defined by [22] .
Extended Jacobian Based Adaptive Zero Reaction Motion Control Formulation
In this section, we will derive an extended Jacobian based adaptive zero reaction kinematic controller (i.e., the desired manipulator joint velocityφ r ) for FFSMs with unknown kinematic and dynamic properties such that both the spacecraft attitude regulation and the end-effector trajectory tracking can be achieved.
For kinematic control problem of robot manipulators, a primary concern is to investigate how the system works under the designed velocity. So, we assume that the velocity servo control is fast enough so that the actual manipulator joint velocityφ can track the designed manipulator joint velocityφ r immediately, which meansφ ≡φ r . In addition, we make the following assumptions in this paper.
• Both the initial linear and angular momenta are zero. • The desired trajectory of the end-effector x d , and its time derivativeẋ d andẍ d are all bounded. • The space manipulator is performing in a workspace where the dynamic singularity does not get involved. • The spacecraft attitude b , the angular velocity of the spacecraft ω b , the joint angle of the manipulator φ, and the manipulator joint velocityφ are available from the sensors.
Zero Reaction Motion Control for the Known Parameter Case
The zero reaction motion control in [14] is given by the solution of the following equation (i.e.,φ)
where G = H T bm J T g T is the extended Jacobian. As is shown in [14] , this control scheme can realize no reaction to the rotational motion of the spacecraft and the trajectory tracking of the end-effector provided that the manipulator bears sufficient DOFs (i.e., n ≥ m + 3) and that G is of full row rank. These conditions should be equivalent to that in the work [10] .
Extended Jacobian Based Adaptive Zero Reaction Motion Control
In the case that the parameters are unknown, we propose the following kinematic control law using the estimated extended Jacobianφ
bĤ bm , andĜ + =Ĝ T (ĜĜ T ) −1 denotes the standard pseudoinverse ofĜ [18] . λ b > 0 is a constant, Λ x is a positive definite symmetric matrix, Δx = x − x d is the tracking error of the end-effector, and Δ bv is the vector part of the error quaternion corresponding to the error attitude matrix ΔR b = R T bd R b [26] , where R b and R bd are the current and desired attitude matrices of the spacecraft, respectively.
Next, we will show that this adaptive controller with appropriate parameter adaptation laws given later can achieve both the spacecraft attitude regulation and the end-effector trajectory tracking.
Premultiplying both sides of (7) byĜ, we have
Combining the angular momentum conservation equation (1) and the upper part of (8), we get
AddingĤ b ω b +Ĥ bmφ to both sides of (9) giveŝ
where
is the dynamic parameter estimation error. If the estimated inertia matrixĤ b is uniformly positive definite, then equation (10) can be rewritten as
Combining the kinematics (5) and the lower part of (8) givesẋ
AddingĴ gφ to both sides of (12) and via some calculations, we obtain
We note that J g in (13) cannot be linearly parameterized due to the inclusion of H −1 b . Generally, this is a fundamental difficulty for adaptive control. In fact, it is impossible to express (Ĵ g − J g )φ as the linearity-in-parameters form relying on the structural property of J g only. In the following, we will show that this goal can be realized by exploiting some additional information contained in the angular momentum conservation equation (1) .
The right side of (13) can be further written as
where Δa k =â k − a k is the kinematic parameter estimation error. From the angular momentum conservation law (1) and (2), we have
In the presence of parameter uncertainties, by replacing the unknown dynamic parameters with their estimates, we haveĤ
Rewrite (15) and (16), respectively, as
Subtracting both sides of (18) from those of (17), respectively, we have
Exploiting the useful fact that Y d (φ, ω b ,φ)a d = 0 [ from (1) and (2)], we obtain
Thus, equation (19) can be reformulated as
Substituting (21) into (14), we have
It seems very special that the right side of (13) can be expressed as a multiplication of the regressor matrices and the parameter estimation errors in spite of the fact that the generalized Jacobian matrix itself cannot be linearly parameterized. Note that, the regressor matrix −Ĵ bĤ −1 b Y d in the second term of (22) contains the estimated parameters, i.e., a k andâ d . Remark 1. By introducing an augmented kinematics involving the motion of the end-effector and the spacecraft, the end-effector trajectory tracking problem has been solved by B. Ma et al. [7] . However, only the dynamic uncertainty is taken into account in [7] , and in addition, the extension of [7] to the case of the coexistence of both the dynamic and kinematic uncertainties is not straightforward due to the involvement of the inverse manipulator Jacobian J −1 m . The proposed approach here can deal with both the dynamic and kinematic uncertainties. Furthermore, not only the end-effector trajectory tracking but also the spacecraft attitude regulation are considered.
Therefore, using (22) , (13) can be rewritten as
(23) The combination of (11) and (23) yields the overall closed-loop equation
Under the assumption that the joint velocity tends sufficiently fast to the desired manipulator joint velocity, i.e., φ ≡φ r , the closed-loop equation (24) can be rewritten as
Now we propose the following parameter adaptation lawṡ
where Γ d and Γ k are positive definite symmetric matrices with appropriate dimensions. Now, we are ready to state the following theorem.
Theorem 1. The kinematic control law (7) and the parameter adaptation laws (26) , (27) achieve the regulation of the spacecraft attitude and the convergence of the FFSM endeffector tracking errors, i.e., ω b → 0, R b → R bd , Δx → 0 and Δẋ → 0 as t → ∞.
Proof. Let us consider the following Lyapunov function candidate
where Δ bo is the scaler part of the error quaternion corresponding to the error attitude matrix. The quaternion based attitude kinematics for the spacecraft can be described by [26] ⎧ ⎨
where E 3 is a 3 × 3 identity matrix, and the skew-symmetric form S(v) is defined by
The time derivative of V along the closed-loop equation (25) , the attitude kinematics (29) , and the parameter adaptation laws (26) and (27) can be written aṡ
From (28) and (30), we obtain Δx ∈ L 2 ∩ L ∞ , Δ bv ∈ L 2 ∩ L ∞ , Δa d ∈ L ∞ , and Δa k ∈ L ∞ , which leads to thaṫ φ r ∈ L ∞ ifĜ is of full row rank from the kinematic control law (7) . The assumption thatφ ≡φ r yields thatφ ∈ L ∞ . From the angular momentum conservation law (1), we have
Then based on the kinematics (3), we obtainẋ ∈ L ∞ . From the proposed kinematic control law (7) and the parameter adaptation laws (26) and (27), we haveφ r ∈ L ∞ , which impliesφ ∈ L ∞ sinceφ ≡φ r . Then we obtainω b ∈ L ∞ from the time derivative of the angular momentum conservation equation (1) . Thus we havë x ∈ L ∞ from the time derivative of the kinematics (3).
The time derivative of the vector part of the error quaternion is bounded from (29), i.e., Δ˙ bv ∈ L ∞ , which shows that Δ bv is uniformly continuous. The fact that Δ bv ∈ L 2 and Δ bv is uniformly continuous implies that Δ bv → 0 as t → ∞ (i.e., R b → R bd ) [27, p. 232 ]. Hence, we obtain Δ˙ bo → 0 as t → ∞ from the second equation of (29) .
It is obvious that Δ˙ bo is bounded from (29) . In addition to the boundedness ofω b , Δ bv and its derivative Δ˙ bv , we know that Δ¨ bv is bounded from the time derivative of the first equation of (29) , which shows that Δ˙ bv is uniformly continuous. Using Barbalat's Lemma [28, p. 122] , we have Δ˙ bv → 0 as t → ∞.
and Ω(Δ b ) = (Δ bo E 3 + S(Δ bv )) T − Δ bv T , the kinematic equation (29) can be reformulated as
Premultiplying both sides of (31) by Ω T (Δ b ) leads to [29] 
The fact that Δ˙ b → 0 as t → ∞, plus the boundedness of Ω(Δ b ), leads to that ω b → 0 as t → ∞ from (32). Hence, we have proved that ω b → 0 and R b → R bd as t → ∞.
Since Δẋ is bounded, Δx is uniformly continuous. Therefore, the fact that Δx ∈ L 2 and Δx is uniformly continuous shows that Δx → 0 as t → ∞ [27, p. 232] . The boundedness of Δẍ shows that Δẋ is uniformly continuous, and using Barbalat's Lemma [28, p. 122] , we obtain Δẋ → 0 as t → ∞.
Remark 2. Here we assume that the estimate of the inertia matrix of the spacecraftĤ b is positive definite and the estimate of the extended JacobianĜ is of full row rank, which can possibly be guaranteed by the parameter projection algorithm [30] .
Simulation Results
In this section we present simulation results for the proposed adaptive control law via a three-DOF planar space manipulator ( Fig. 1 ). In this simulation, both the spacecraft attitude regulation and the end-effector trajectory tracking are required. Without loss of generality, the desired value of the spacecraft attitude is set to be zero. The actual values of the kinematic parameter and dynamic parameter are acquired based on the physical parameters a k = 0.5921 1.2434 The design parameters of the proposed controller are determined as γ d = 20E, γ k = diag([120 120 100 100]), λ b = 100, and Λ x = 20E. Fig. 2 shows that the attitude of the spacecraft tends to zero which is the desired value.
To show the convergence of the proposed controller, in this simulation, a desired trajectory is given that initially deviates from the end-effector position, as shown in Fig. 3 and Fig. 4 and the end-effector approaches the desired trajectory as time evolves.
Conclusions
In this paper, we have developed an extended Jacobian based adaptive zero reaction motion controller for freefloating space manipulators with unknown kinematics and dynamics. By exploiting the extra DOFs of the manipulator, the proposed controller can guarantee that both the endeffector trajectory tracking in the inertial space and the attitude regulation of the spacecraft can be accomplished without using the end-effector velocity benefiting from explicit Lyapunov analysis. It is worth noting that the adaptive controller can also deal with the capture of an unknown stationary target from which the uncertainties arise.
